Electroweak radiative corrections to the matrix elements ns 1/2 |Ĥ PNC |n ′ p 1/2 are calculated for highly charged hydrogenlike ions. These matrix elements constitute the basis for the description of the most parity nonconserving (PNC) processes in atomic physics. The operatorĤ PNC represents the parity nonconserving relativistic effective atomic
I. INTRODUCTION
PNC experiments in atomic physics provide an important possibility to deduce informations on the Standard Model independent of high-energy physics experiments. The recent LEP experiments [1] , that yield extremely accurate values for Z-boson properties, correspond to the resonant process. This means that all the nonresonant corrections are strongly suppressed. Hence this might not be the most convincing way for the search of all types of "new physics" beyond the minimal Standard Model, e.g., for the existence of a second Z-boson etc.
The observation of "new physics" in atomic physics experiments is most probable related to processes beyond the tree level, for which electroweak radiative corrections are taken into account. This question was thoroughly discussed by many authors, in particular in [2] - [6] .
Atomic PNC experiments are usually performed with heavy atoms (Cs, Tl, Pb, Bi) due to the strong enhancement of PNC effects with increasing nuclear charge number Z, which was first noticed by Bouchiat and Bouchiat [7] . However, the electrons involved in various PNC processes in these atoms are loosely bound valence electrons and the corresponding momentum transfer is much smaller than the squared rest mass of the electron:
The situation is different in highly charged ions (HCI), where q 2 ≈ m 2 e . This peculiar property of HCI was a reason for many experimental and theoretical efforts to "test" QED in strong fields. In particular experimental [8] - [11] and theoretical [12] - [17] attempts were made recently to verify the Lamb shift in one-electron heavy ions up to the second order in the fine structure constant α. These attempts are yet uncomplete from both sides.
Therefore there would be even a deeper reason to test the validity of the Standard Model in strong fields. We should emphasize here that the concept of the strong field is not constrained to the large momentum transfer in some particular processes. The latter often occurs in high energy physics collision experiments. During the collision period the particles are also influenced by the strong field. However, for the tightly bound electron in HCI this strong field is present for a relatively long time, defined by the lifetime of the corresponding electronic state.
In this paper we show that the test of the Standard Model (or the search for "new physics"
beyond the Standard Model) is possible in experiments with HCI. Thus PNC experiments
in HCI can open a new field of research independent of the successes of PNC experiments in neutral atoms.
We calculate electroweak radiative corrections to the matrix element F 0 = ns 1/2 |Ĥ PNC |n ′ p 1/2 , which represents the basis for most parity nonconserving processes studied in atomic physics of highly charged ions. Here the operatorĤ PNC indicates the parity nonconserving relativistic effective atomic Hamiltonian at the tree level. The electroweak radiative corrections will be provided by
Previously radiative electroweak corrections were calculated for the case of low momentum transfer (q 2 = 0) or for the low field case, that is valid for neutral atoms. We are following the work by Lynn and Sandars [6] who represented their results in the factorized form
where the factor δA rad PNC is independent of electron variables. This factorization is possible only in the low field case. Thus the quantity corresponding to F rad SF in the low field case should be defined as
The deviation of the function f rad ≡
from unity for large Z values will manifest the existence of strong field effects for electroweak radiative corrections in the Standard Model.
The electroweak radiative corrections to the matrix element ns 1/2 |Ĥ PNC |n ′ p 1/2 can be partitioned into the corrections ns 1/2 |Ĥ rad PNC |n ′ p 1/2 to the PNC operator and to corrections to the wave functions. The corrections to the wave functions were not considered in [6] .
Moreover, the full treatment requires the evaluation of radiative corrections to the total expression of the PNC atomic amplitude, including the PNC matrix element and the photon emission(absorption) matrix element. In this paper we will concentrate on radiative corrections to the PNC matrix element.
In section 2 of this paper we analyse the influence of strong fields on different electroweak corrections. In section 3 we evaluate electroweak radiative loop corrections to the PNC operator. In section 4 the loop corrections to wave functions are evaluated. Section 5 contains the discussion of the numerical results and conclusions.
II. ANALYSIS OF ELECTROWEAK RADIATIVE CORRECTIONS IN HIGHLY CHARGED IONS
In this paper we will consider only the nuclear spin-independent part ofĤ PNC :
where γ 5 is the Dirac matrix and ρ N (r) is the nuclear density. In the original Bouchiat formulation [7] the constant A PNC reads
where G F is the Fermi constant and Q W is the "weak charge" of the nucleus. At the tree level Q W is given by
where s 2 = sin 2 θ W , θ W is the Weinberg angle, N is the number of neutrons in the nucleus.
In the following we will also utilize the equivalent Sandars definition of A PNC [18] :
where α is the fine structure constant and M Z is the mass of Z-boson. At the tree level we have
According to Lynn and Sandars [6] , all the electroweak radiative corrections can be divided in two classes. The first class, called "oblique" corrections, corresponds to the Feynman graphs depicted in Fig. 1 N and is weakly dependent on s 2 [18] . Therefore it is convenient to introduce the quantitỹ
Then the "oblique" radiative corrections can be included inP W 
Returning to our problem for HCI, we emphasize that we are interested to follow the change of the running constants in the interval from q 2 = 0 to q 2 = m The other type of electroweak radiative corrections, called "specific" [6] , corresponds to Lynn and Sandars [6] present the electroweak radiative corrections toP W in the form:
whereP * W and δ M P are defined by Eqs. (10) and (11), δ P are specific radiative corrections toP W . In Eq. (12) we omitted small field-independent "specific" corrections given by the "box" Feynman graphs [6] .
We present the results of our calculations in the form
with
where ∆P W is the difference between the corrections for HCI and neutral atoms, δ , the most important after δ M P , will be calculated numerically. This term represents the loop corrections to the wave functions.
III. LOOP CORRECTIONS TO THE PNC OPERATOR
We begin with the evaluation of the corrections of Fig. 4 a) . To write down the corresponding matrix element we use the standard Feynman rules formulated for the QED of tightly bound electrons [19] . These rules are easily extended to the Standard Model calculations.
The S-matrix element corresponding to the Feynman graph of Fig. 4 a) is given by
where η = 1 − 4 sin 2 θ W , Tr corresponds to the Dirac matrices, that enter the electron loop.
The Z-boson propagator D Z µν in momentum space can be expressed as
We will use the expression for D
where
The external electromagnetic field
where U( x) is the electric field of the nucleus (point-like or extended). S 0 (x − y) is the free electron propagator
The wave functionsψ ns 1/2 , ψ n ′ p 1/2 are the eigenvectors of the Dirac equation for the electron in the field of the nucleus
where E n are the corresponding Dirac eigenvalues. The Standard Model constant g is equal to
where e is the electron charge. We employ the pseudoeuclidean metric with the usual metric tensor g µν . γ µ , γ 5 are the usual Dirac matrices.
The S-matrix element is connected with the amplitude by the relation
where M if is the amplitude and E i , E f are the initial and final state energies of the system.
Transforming to the momentum space in expression (15) and integrating over the frequency variables, we obtain
where q = p 1 − p 2 . In the expression (25) we retain only the parity violation terms. These terms contain the γ 5 matrix in one of the vertices connected with Z-boson. The vertex connected with the loop yields a zero result due to the identities:
where ǫ µναβ is the unit antisymmetrical tensor. This tensor appears in the combination with the symmetrical product p µ p ν , so that
The function Π( q 2 ) is divergent and should be renormalized. We shall use from the very beginning the known renormalized expression Π R (q 2 ) (cf. for example [20] )
Since all the integrations in Eq. (25) after the insertion of the renormalized expression (29) are convergent, we can omit q 2 in the denominator. In the case of the pure Coulomb potential with
we obtain
We consider first the low field limit of Eq. (31). Then q 2 /m 2 e ≪ 1 and we can write
where ϕ, χ are the upper and lower components of the Dirac wave function, respectively.
Transforming to the coordinate representation we obtain
Finally we find:
Now we compare Eq. (34) with the matrix element ofĤ PNC given by Eq. (4). We can write the latter in the form
This comparison leads to the estimate
Now we evaluate the correction of Fig. 4b . The corresponding matrix element reads
where D γ µν (x 1 − x 2 ) is the photon propagator in Feynman gauge
and Z ν is the external electroweak field defined by Eq. (4)
It turns out that the matrix element (37) is exactly zero. Returning from Fig. 4 b) to Fig. 3 b) we expand the bound electron loop in powers of the external potential (19) . This expansion will contain an increasing number of Dirac matrices γ α together with one matrix γ 5 from Eq. (40). The trace of the product of an arbitrary number of Dirac matrices can be reduced to traces of lower products. Then, using the Eqs. (26), (27) we will obtain a zero result for an arbitrary term of the bound electron loop expansion. Thus, the correction of Fig. 3 b) is absent for the nuclear spin-independent part ofĤ PNC .
IV. LOOP CORRECTIONS TO WAVE FUNCTIONS
We start with the investigation of the graphs Fig. 4 c), d ). Unlike the graphs 4 a), b) these graphs are reducible [19] . This means that the initial state of the system (the "reference" state) can be found among the intermediate states. The presence of the reference state in the sums over intermediate states leads to singularities that have to be avoided. For the solution of the "reference state" problem for the diagonal matrix element (i.e. the energy correction) the adiabatic approach of Gell-Mann and Low [21] , modified by Sucher [22] is used most frequently [19] . The extention of this approach to the nondiagonal matrix element can be most naturally formulated within the framework of the line profile QED theory [23] .
Actually the graphs in Fig. 4 do not correspond to any amplitude, since the amplitude should describe some process in an atom. Still the graphs Fig. 4 a) , b) are irreducible and Eq. (24) formally can be applied to them as well.
In the case of the graphs 4 c), d) we have to remember that the PNC matrix element enters necessarily in some complex amplitude describing the atomic process. In the simplest case it can be the process of photon emission by an atomic electron in one-electron ions. We will consider the situation when only two levels of opposite parity ns 1/2 and n ′ p 1/2 are mixed by the electroweak interaction. Actually this situation does not occur in one-electron HCI, but can be found in two-electron ions [19] , [24] , [25] .
Instead of the graph of Fig. 4 c) we have now to consider the graph in Fig. 7 a) . The corresponding S-matrix element is given by
where A (ω) * µ (x) is the wave function of the emitted photon
e is the polarization vector, ω, k are the frequency and the wave vector of the photon. The
where V U (x) is the Uehling potential [26] , [27] V U (x) = 2e 3 Z 3πx
S e (x 1 , x 2 ) denotes the electron propagator in the external field [27] S e (x 1 ,
The sum over m in Eq. (45) is extended over the complete spectrum of the Dirac Hamiltonian for the electron in the field of the nucleus.
The integration over the time variables in Eq. (41) with the help of formula (24) yields
There are singular terms in the sums over m ′ , m ′′ when m ′ , m ′′ = ns 1/2 . These singularities can be avoided by the use of the line profile theory [23] . Actually in the framework of this theory the singular terms should be omitted, but some additional terms containing derivatives of the potentials with respect to the energy can arise. In our case, due to the independence of the potentials V U , H PNC on the energy, these additional terms are absent.
Remembering now that we assumed that only one level of opposite parity n ′ p 1/2 is close to the initial level ns 1/2 , we set m
Performing the same calculations for the graph in Fig. 4d ) (i.e. refering to the graph Fig.   8b) ) and using the same assumptions we would obtain the expression
The parts of the expressions (47) and (48) containing the sums over m yield evidently the corrections to the wave functions in the PNC matrix element. Note that we can consider the graph in Fig. 7a as a radiative loop correction to the photon emission matrix element in the parity violating photon emission amplitude.
Moreover, apart from the graphs in Fig. 7 we have, in principle, to consider also the graph in Fig. 8 which describes exclusively the radiative corrections to the photon emission. However, in this paper we will restrict ourselves only to the corrections to the PNC matrix element. Using Eq. (41) and remembering that in the low field limit the energy denominators in Eqs. (47) and (48) are of the order m(αZ) 2 , we obtain the estimate
Comparing (49) with the estimate (36) we conclude, that the corrections to the wave functions are dominant.
V. NUMERICAL RESULTS
In this paper we provide numerical results only for the leading loop corrections corresponding to the Feynman graphs in Fig. 4 c) , d).
These leading corrections are the corrections to wave functions discussed in section 4.
The loop correction corresponding to Fig. 4 a) is suppressed by the factor (1 − 4s 2 ) in Eq.
(25) and the correction corresponding to Fig. 4b is absent for the nuclear spin-independent H PNC . The electron anapole moment correction is suppressed again by the factor (1 − 4s 2 ).
The vertex corrections do not contain this suppression and should be compiled together with the loop corrections of Fig. 4 c), d ). The vertex corrections will be treated separately in a subsequent paper. Thus, we retain here only the last term in Eq. (13) . We performed the calculations for the PNC matrix element including the Uehling potential in the Dirac equation for the atomic electrons. This equation was solved numerically with the computer code published in [28] . Then we subtracted the same matrix element calculated without the Uehling potential. The results are listed in Table 1 . The value of A M given in the second column is: A M = Atomic Weight. In the third column the nuclear radius is given. The fourth column in this Table represents the values for the PNC matrix element without the loop correction, the fifth column is the same matrix element calculated with the Uehling potential taken into account. An extended nucleus with an uniform charge distribution is employed throughout all the calculations. The nuclear radius R is taken to be
In Table 2 we present the values of δ loop−w.f. P for different Z values. For Z = 92 this correction is 7 times smaller than main correction (11) that is insensitive to the strong field.
From QED calculations we know, that the vacuum polarization corrections are strongly sensitive to the field, i.e., results obtained in the low field approximation and extrapolated to the strong field case differ from the accurate strong field calculation by 100% and more.
From Tables 1, 2 we can deduce, that the strong field effect for the electroweak radiative corrections in HCI exceeds 10% for Z = 92. This is an order of magnitude higher than could be expected from the simple extrapolation of the Lynn and Sandars [6] [24] , [25] , [29] . The theory developed in the present paper allows for the evaluation of all the electroweak radiative corrections for this ion as well. 
